Objective. Early adiposity rebound ([AR], when body mass index [BMI] rises after reaching a nadir) strongly predicts later obesity. We investigated whether the upswing in BMI at AR is accompanied by an increase in body fat. Design. Communitybased cohort study. Subjects. A total of 299 fi rst-born children (49% male). Measurements. Six-monthly anthropometry and bioelectrical impedance, 4 -6.5 years; lean and fat mass index (kg/m 2 ) for direct comparison with BMI. Supplementary (0 -2 years) weight and length measures (needed for growth curve modelling) were drawn from subjects ' child health records. Methods. AR was estimated from individually modelled BMI curves from birth to 6.5 years. Two main analyses were performed: 1) cross-sectional comparisons of BMI, fat mass index (FMI), lean mass index (LMI) and percent body fat in children with early ( Ͻ 5 years) and later ( Ͼ 5 years) rebound; and 2) investigation of linear trends in BMI, FMI, LMI and percent body fat before and after AR. 
Background
' Adiposity rebound ' (AR) describes the fall and subsequent rise in body mass index (BMI) that occurs in most young children around the age of school entry. Since fi rst described in 1984 (1), clear and consistent associations have been demonstrated between earlier rebound and higher BMI in adolescence and adulthood across at least six international cohorts (2 -7).
Associations with later type 2 diabetes (7,8) and increased cardiovascular risk (9) may indicate that early rebound is part of a developmental pathway to the metabolic syndrome. Hence, the adiposity rebound is a potentially important, even critical, period for the development of obesity (10).
This makes it very surprising that it is not yet known whether the adiposity rebound is in fact a rebound in adiposity. Rolland-Cachera proposed that early rebound is related to a precocious increase in fat cell number, as part of a process of advanced cellular maturation that may be mediated by hormonal factors and, in turn, by diet (1). These hypotheses have only been partially tested in terms of the association between early AR and protein intake, and results have been inconclusive (11 -13) . Conversely, others have suggested that the association with high later BMI is essentially a statistical phenomenon, marking out those already on a higher percentile for BMI and/or with accelerated weight gain (14) .
No studies have measured adiposity other than by BMI in suffi cient detail during the period of rebound to clarify these issues. Following the rebound, early rebounders have higher BMI, waist circumference, skinfold thickness and percent body fat compared with later rebounders (15, 16) . In a study that followed 39 girls annually for up to four years using dual-energy X-ray absorptiometry (DXA) (17), early rebounders had similar levels of body fat at 5 years but higher levels of fat mass (kg) and percentage body fat at 9 years, suggesting that they gain fat faster. However, the changes in body composition at the time of AR were not elucidated.
Therefore, we report here on a community-based cohort study in which subjects had both BMI and body composition measured every 6 months through the period of adiposity rebound, supplemented by measured BMI from infancy. We aimed to:
Estimate the age of adiposity rebound in each 1. child using a model of the child ' s BMI curve to identify the point of steady BMI increase. Describe cross-sectional BMI and body com-2.
position characteristics at the beginning (4 years of age) and end (6.5 years of age) of the study period. Describe longitudinal changes in body com-3.
position during the period of adiposity rebound and determine whether the rebound in BMI is accompanied by a rise in fat mass index.
Methods

Design and participants
The PEAS Kids Growth Study is a prospective, community-based longitudinal study that followed an established cohort in Melbourne, Australia, from 4 to 6.5 years of age, which is the usual period during which adiposity rebound occurs. The sample was assembled soon after birth into the Parent Education And Support (PEAS) Program in two waves: June 1998 -January 1999 , and June 1999 -January 2000 . A total of 493 fi rst-time parents were recruited from Maternal and Child Health (MCH) centres in three municipalities in urban, suburban and semi-rural locations.
As well as seeing their MCH nurses regularly, seven questionnaires were administered over the two-year follow-up. In total, 469 families (93%) completed the PEAS Program at 2 years (see Figure 1 ). At 4 years of age, families were invited back into the PEAS Kids Growth Study if still resident within metropolitan Melbourne; children with medical conditions signifi cantly affecting growth were excluded. Researchers assessed children six-monthly until age 6.5 years, initially at the local MCH centre and, in later years, at the children ' s homes. Parents also completed yearly questionnaires and measures of nutrition and physical activity. The project was approved by the Royal Children ' s Hospital Human Research Ethics Committee, and parents provided written informed consent at 0 and 4 years.
Measures
Anthropometry. Between 4 and 6.5 years, weight, height and bioelectrical impedance were measured 6-monthly by a trained research assistant according to standard protocols. Weight was measured in light clothing using digital bathroom scales (TI-THD 646, Tanita, Tokyo, Japan) to the nearest 0.1 kg. Height was measured using an Invicta portable stadiometer (Oadby, Leicester, England) to the nearest 0.1 cm, without shoes. Measurements were taken in duplicate and averaged. If the difference in the two measurements was 0.5 cm or more, a third was taken, and the average of the closest two used. Based on child body mass index (BMI, weight [kg]/height [m] 2 ), children were classifi ed as not overweight, overweight or obese in accordance with the criteria of the International Obesity Task Force (19).
Supplementary 0 -2-year-old anthropometric data (collected by MCH nurses) were abstracted from the subject ' s child health record at the 5-year visit, with 95% of the sample having at least six measurements during the fi rst two years of life. These infant data were used to generate modelled curves of BMI from birth to 6.5 years, and were essential to accurately estimate the age of AR.
Body composition. Lean body mass was estimated using a Quadscan 4000 multifrequency bioelectric impedance analyser (Bodystat Ltd, UK). Hand-to-foot body impedance was determined after the child had been lying down quietly for 5 minutes. Lean mass was calculated from impedance at 50 kHz, using Schaefer ' s equation, which has been validated against total body potassium in 3.9 to 19-year-olds (20) . This equation has also been found to accurately predict percent body fat against dual-energy X-Ray absorptiometry (DXA) in overweight and obese Australian children (21).
Fat mass was calculated as the difference between body weight and lean mass, and percent body fat was calculated as the ratio of fat mass to body weight. To allow direct comparisons with BMI, lean mass and fat mass were normalised for height (m 2 ) to give lean mass index (LMI) and fat mass index (FMI), respectively (22).
Demographic characteristics
Demographic characteristics were obtained from parent questionnaire at 4 years, and include reports of the highest level of maternal education, parental country of birth, and languages spoken at home.
Statistical methods
Estimating the timing of adiposity rebound . As per Rolland-Cachera et al., AR was defi ned as the point where BMI began a steady increase (1). This is because in some children, BMI ' bottoms out ' or undulates for a period of time, so methods defi ning AR simply as the point of minimum BMI systematically underestimate age of AR (23).
First, a smooth curve was fi tted to each individual ' s sequence of BMI values using the Reed 5-parameter growth curve model (24) (Equation 1). Inclusion required at least fi ve measurements between 0 and 2 years, and four measurements between 4 and 6.5 years, including measures at birth and 6.5 years. Goodness of fi t was assessed by calculating the Root Mean Squared Error (RMSE) for each child. Subsequently, individual BMI velocity curves were constructed by taking the fi rst derivative of the Reed equation and using saved coeffi cients to calculate BMI velocity every 0.05 years from birth to 2 years, and every 0.25 years from 2 to 6.5 years. To identify the point of steady increase, we constructed graphs of the ' sign ' of BMI velocity, where values of Ͻ Ϫ0.1 kg/m 2 /year were considered to be ' negative ' , Ϫ0.1 to 0.1 ' zero ' , and Ͼ ϩ 0.1 kg/m 2 / year ' positive ' . A steady increase was indicated by a change from ' zero ' to ' positive ' over two or more consecutive time points. where: y ij represents the growth parameter of interest (height, or weight, BMI or log transformed) on the j ' th occasion for the i ' th child.
Equation 1: Reed growth curve model
x ij represents age, usually expressed as age ϩ 1, as x cannot be zero. i is the child number. j is the occasion number. a,b,c,d and e are the coeffi cients of the Reed model, to be estimated for each child. ε is an error term.
AR occurs across a wide age range (25) that extends beyond the 6.5 years covered by the study period. Hence, for descriptive analyses, timing of AR was treated as a categorical variable. Children were divided into groups of early AR ( Ͻ 5 years) and later AR ( Ͼ 5 years), consistent with recent studies (6, 7, 12) .
Cross-sectional differences in mean BMI and body composition
Student ' s t-test was used to assess differences at 4 and 6.5 years in mean BMI, FMI, LMI, fat mass, lean mass, and percent body fat by i) timing of AR (early versus later) and ii) sex.
Trends in BMI and body composition
Trends in BMI and body composition before and after AR were analysed by fi tting simple linear trends using generalised estimating equations (GEEs) to account for within-person correlation (26). We assumed an exchangeable correlation structure because of irregular spacing of measurements. The child ' s age was fi rst centred at the age of AR, by subtracting the age of AR from the child ' s age at each visit (i.e., zero at AR, negative before AR and positive after AR). For the purpose of this analysis, if the child had not undergone AR by 6.5 years, the age of AR was designated as 7 years. Only subjects with three or more data points on at least one side of the AR were included in these analyses. As the adiposity rebound is defi ned by the direction of BMI change, the average linear trend in BMI would be negative before AR (decreasing over time) and positive after AR (increasing over time). This analysis aimed to compare the direction and steepness of the gradients in FMI and LMI with those of BMI in the periods before and after AR, and to assess the change in percent body fat.
Interaction tests were performed to assess whether there were sex-related differences in the gradients of change before and after AR.
All statistical analyses were performed using Stata version 10.1 for Windows (Statacorp Texas, 1984 -2008 .
Results
Participant characteristics
A total of 341 fi rst-born children (50% male) were re-enrolled at 4 years, of whom 317 were followed to 6.5 years. Children were of predominantly European ancestry; most parents were born in Australia (86% mothers, 83% fathers), and all families spoke English as a fi rst language. Forty percent of mothers had a university degree. Rates of child overweight (17%) and obesity (3%) at 4 years were comparable with a contemporaneous nationally-representative sample (27).
Timing of adiposity rebound
A total of 301 children (48.5% male) fulfi lled the minimum data requirements for growth modelling. All cases showed adequate goodness of fi t (RMSE 0.51 [0.18] kg/m 2 ; mean [Standard deviation, SD]). Three main patterns of BMI change were identifi ed: (a) 115 children (38%) showed a peak in infancy, then a trough or plateau, followed by a defi nite upswing in BMI; (b) 140 children (47%) showed a continued BMI decline or " bottoming out " by 6.5 years; and (c) 46 children (15%) had undulating curves where, after reaching a nadir and a period of initial increase, BMI again decreased. As our working defi nition of AR was the point of steady BMI increase, all but fi ve of children with undulating curves were classifi ed by consensus (MC, JC, JW) as having AR beyond 6.5 years. In the fi ve remaining cases, BMI ranged from 0.9 to 6.1 kg/m 2 above the nadir by 6.5 years, so AR was deemed to have occurred at the initial rise.
Overall, we were able to classify timing of AR in 299 children. In two cases, we were unable to come to a consensus about the point of steady increase. Four children (1%) went through AR Ͻ 2 years, 35 (12%) at 2 to Ͻ 4 years, 81 (27%) at 4 to 6.5 years, and 179 children (60%) beyond 6.5 years. Adiposity rebound was classifi ed as early ( Ͻ 5 years) in 81 (27%) and later ( Ͼ 5 years) in 218 (73%). One in three girls had early rebound compared with one in fi ve boys (p ϭ 0.01).
Early rebounders had an increased risk of being overweight/obese at 6.5 years, with 43 (53%) being in the overweight/obese range, compared with 15 (7%) later rebounders. Although girls were more likely to experience early rebound, there was no evidence of sex differences in prevalence of overweight/obesity in children who completed follow-up (n ϭ 317) at 6.5 years (27 [17%] boys, 35 [22%] girls; p ϭ 0.35). Table I shows mean anthropometric and body composition values at 4 and 6.5 years according to the timing of rebound, stratifi ed by sex. At 4 years, boys with early AR had a higher BMI, fat mass, FMI and percent body fat, but similar levels of lean mass and LMI to later rebounders. In contrast, the girls with early AR had higher BMI, lean mass and LMI compared with later rebounders, but body fat levels were similar.
Cross-sectional analyses at 4 and 6.5 years
By 6.5 years, the early AR group had higher fat mass, FMI and percent body fat, as well as higher lean mass and LMI in both sexes. Overall, boys had a higher BMI and LMI than girls at 4 and 6.5 years, regardless of adiposity rebound timing. There was minimal statistical evidence to suggest differences in mean heights at 4 or 6.5 years between early and later AR groups. Table II) A total of 219 subjects (117 males) provided data for analyses before AR with an average of 5.5 observations per child, and 92 subjects (33 males) after AR, with an average of 4.9 observations per child. As Table I . Cross-sectional values for body mass index and body composition according to timing of adiposity rebound and sex at 4 and 6.5 years (n ϭ 299). expected, the coeffi cient of BMI over time was negative before AR and positive after AR. FMI decreased quite steeply before AR, and then fl attened out. In contrast, LMI increased both before and after AR. Percent body fat decreased on average at about 3% per year before the AR, then decreased at a lower rate of just under 1% per year. The predicted linear trends in BMI and body composition variables are illustrated in Figure 2 , overlaid on the individual plots of raw data and, centred on age of AR. While the individual plots showed variable starting values, the gradients of change were remarkably consistent, especially for LMI. Because subjects had to have at least three data points on either side of AR for inclusion, only 12 subjects contributed to trend lines both before and after AR. Hence, the trend lines before and after AR do not meet at the age of AR. Those with earlier AR (to the right of zero) had higher FMI, BMI and fat percent, and lower LMI at the time of AR than those on the left, who took much longer to arrive at AR.
Trends in BMI and body composition variables before and after AR (
There was statistical evidence of some sex differences in gradients of change pre-and post-AR (Table II) . In the pre-rebound period, boys had a slightly steeper decline in BMI, FMI and percent body fat than girls, while rates of LMI gain were similar. Post-rebound, females showed a slightly steeper rate of LMI gain, while males had slightly higher FMI gains than girls; however, we are cautious about these interpretations because of the small number of boys contributing to data post-AR.
Discussion
This study shows that the ' adiposity rebound ' is not primarily characterised by an upswing in fat mass index. Rather, it coincides with the time that FMI stabilises after an initial period of steady decline. The rise in BMI post-AR is predominantly attributable to increasing lean mass index. The net result is that percentage body fat continues to decrease for some time after the BMI rebound.
Our longitudinal analyses suggest that the differences in adiposity between early versus later rebounders at 6.5 years result from differences in the pattern of decline in FMI; FMI levels out in early rebounders, but continues to decline in later rebounders. This observation differs from two other studies that examined body composition changes in later childhood (after 7 years) and suggested a steady increase in FMI after adiposity rebound (16,28). To our knowledge, ours is the fi rst study to detail the Table II . Average gradients of body mass index (BMI) and body composition variables before and after adiposity rebound (AR). Subjects with Ն 3 or more data points before AR contribute to the before-AR gradient, and subjects with Ն 3 data points after AR contribute to the after-AR gradient. concurrent BMI and body composition changes at, or close to, the time of AR. Taken with the existing literature, our data suggest that the transition from steady decline to steady increase of adiposity occurs over a more protracted period than the BMI curve would suggest and, if we followed these children for longer, we may eventually see a positive trend in FMI.
Consistent with other studies (15, 16, 29) , children with early AR had higher adiposity indices by the end of follow-up than those with later AR. Our cross-sectional comparisons are also consistent with Taylor ' s observations that rates of fat (kg) gain were higher in girls with early versus later rebound (29), and we extend these fi ndings for boys. However, Taylor did not fi nd a difference in lean mass between early and late rebounders, and argued that changes in fat stores entirely explained the differences between the two groups. Our larger study showed clear evidence of differences in lean mass and LMI between early and later rebounders at 6.5 years.
This study has a number of limitations. First, as we followed children only to 6.5 years, not all reached the point of BMI rebound. Thus, it is possible that a small number might have been classifi ed differently had we collected further data points. Body composition data were available for a relatively short time frame. Further follow-up in later childhood (in progress) will clarify our initial estimates of timing of rebound and whether there is a later rise in FMI. Second, the 0 -2-year-old child health record measurements had greater potential for measurement error than the 4 -6.5-year-old research measurements. However, Howe et al . have shown that child health record measurements are suffi ciently accurate for research purposes and are not systematically biased (30). Moreover, our own exploratory analyses of the Reed model showed minimal differences in goodness of fi t between infant and childhood BMI. Third, bioelectrical impedance (chosen for practical and safety considerations) measures body composition less accurately than tools such as DXA. Absolute values of percentage body fat vary according to the predictive equation used (31), but this should not affect the interpretation of gradients obtained using the same equation. Lean mass estimates fl uctuate with body hydration, which may increase imprecision in estimating changes in body composition over time. Ideally, we would like to confi rm our observations using alternative methods of body composition estimation, though this may prove challenging in epidemiological studies. The study ' s strengths lie in the large number of available measures of growth from birth (on average, 13 per child by age 6.5 years), which enabled us to construct well-fi tting growth curves to estimate AR. Modelling the entire curve from birth provided more precise estimations of the age of AR than visual inspection of raw BMI values from 4 to 6.5 years. Internal validity is strong due to the completeness and accuracy of the growth data and, as the PEAS Kids Growth Study is a community cohort, the fi ndings should generalise to most healthy children of European backgrounds in this age group.
In conclusion, the term " BMI rebound " more accurately describes this period of childhood growth than " adiposity rebound " . While BMI correlates strongly with adiposity at a cross-sectional population level, this study shows that it does not accurately represent adiposity change over time in this age group.
Prior to BMI rebound, FMI decreases steadily over a protracted time. When this period is foreshortened, the risk of future obesity is increased. Even after BMI rebound, the inevitable process of FMI increase does not appear to commence immediately. This may imply that there remains a window of opportunity to further delay the increase in FMI in early childhood even after BMI has started to increase. Therefore, additional study needs to be directed at carefully examining how potentially modifi able behavioural and environmental factors infl uence the timing of BMI rebound and changes in BMI and childhood body composition during this dynamic period of growth.
